Abstract -In this work, we have investigated magneto-transport and polarization resolved photoluminescence of a GaAs IAIGaAs resonant tunneling diode with Si delta-doping at the center of the quantum well under a magnetic field parallel to the tunnel current. Three resonant peaks were observed in the current-voltage characteristics curve (J(V)) which were associated to donor-assisted resonant tunneling, electron resonant tunneling and to phonon assisted resonant tunneling. The optical emission from GaAs contact layers shows evidence of highly spin-polarized two-dimensional electron and hole gases which affect the spin-polarization of carriers in the well. The quantum well photoluminescence shows strong circular polarization degrees with values up to 85% under J 5T at the donor assisted resonant tunneling peak voltage. Our results can be exploited for fitture development of voltage-controlled spintronics devices.
INTRODUCTION
In the last years, there was an increasing interest in spin effects in magnetic and non-magnetic resonant tunneling diodes (RTDs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . For these devices, the spin character of injected and detected carriers can be voltage-controlled. It was shown that the voltage dependence of spin polarization of carriers in non-magnetic systems and under high magnetic fields presents oscillations near resonance voltages. This effect was associated to tunneling through spin-states in the quantum-well (QW) [4] . Furthermore, it was reported that both the spin-splitting energy and the polarization of the QW emission from RTDs present strong oscillations near resonant voltages [5] . More recently, it was also demonstrated that the spin polarization from the QW emission can be affected by the spin-polarization of the carriers from the two-dimensional electron (2DEG) and hole gases formed at the accumulation layers next to the barriers [6,9, I 0,21] .
In this work, we have studied spin effects in GaAs / AIGaAs resonant tunneling diodes with Si delta-doping (8-doping) at the center of the quantum well. The optical emission from GaAs contact layers shows evidence of highly spin-polarized two-dimensional electron gases (2DEGs) in the accumulation layer and QW. The QW emission show evidence of exciton and trion formation which can be controlled by 978-1-4799-4696-9/14/$31.00 ©2014 IEEE applied bias voltage. At the electron resonance condition, the QW emission is mainly due to trions or charged excitions on formation due to the increase of electron charge density under resonant tunneling. Before and after resonance the QW PL is mainly due to free exciton emission. We have observed that the QW photoluminescence presents strong circular polarization degree with values up to 85% at 15T at the donor assisted resonant tunneling peak. Our results show that the study of RTD devices may be interesting for the development of voltage-controlled spintronics.
II. EXPERIMENTAL DETAILS
The RTD device was grown by Molecular Beam Epitaxy (M BE) on a n+ (00 I) GaAs substrate and its active region from the top consists of 0.6 f.i. m n-GaAs (l0 18 em-3 ), 806 A n 
III. RESULTS AND DISCUSSION
A schematic band diagram of the device under forward bias voltage, magnetic field and light excitation is shown in figure I(a) . Under applied bias, a pseudo-triangular QW is formed next to the emitter barrier forming a two-dimensional electron gas (2DEG). Resonant tunneling can occur between the 2DEG confined states in the accumulation layer and a resonant state in the QW. Under light excitation, holes are photo-generated at the contact region close to the surface and
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1.60 can also accumulate next to the barrier forming a two dimensional hole-gas (2DRG). Therefore, under light excitation resonant tunneling can also occur between the 20HG states and hole confined states in the QW. For Si 8-doped QWs, the bound state of a shallow donor is lower than the 2D sub-band. The donor assisted resonant tunneling is observed when the energy level of the 20EG in the accumulation layer is aligned with the bound state of a shallow donor in the QW. Under applied voltage and light excitation, optical recombination occurs in different regions of the structure as illustrated in figure I (a) . When a magnetic field is applied parallel to current, the confined levels in the QW and the contact layers split into spin-up and spin-down Zeeman states and the optical recombination can occur with well defined selection rules, giving information about the spin polarization of the carriers in the structure. Under magnetic field, additional peaks are observed after electron resonance E I and are associated to the incoherent elastic and inelastic (with LO phonon emission) tunneling processes [26] .
Typical optical emission spectra are illustrated in figure 1 showing emissions due to GaAs QW and the GaAs contact layers. The emission from the QW consists of a single band at � 1.58 eV. In contrast, the emission from the GaAs contact layers has a complex shape which includes several bands due to distinct recombination transitions. The identification of those transitions will be discussed below. 
15T
These voltage dependent peaks are associated to the spatially-indirect recombination between free electrons and holes confmed in a 2DHG localized at the accumulation layer (labelled 2DHG-e recombination), as shown in figure I . This band presents a strong red shift and a decreasing intensity with increasing voltages [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . This voltage dependence is consistent with an emission involving a 2DHG gas under applied voltage and light excitation. Fig. 2(b) and 2(c) show the contact layer PL emission under B=15 T. Under high magnetic fields another transition clearly-voltage dependent is observed at higher voltages. This emission presents high polarization degree and is associated to the spatially-indirect transition between free holes and electrons confined in a 2DEG localized at the accumulation layer (2DEG-h). Fig. 2(d-t) also presents the color-coded maps of the optical emission intensities from the QW. We observed that the PL intensity shows a good correlation with the I(V) characteristics curve. In addition, in the electron resonant condition, the QW PL peak emission splits in two peaks separated by about 2.5 meV which is consistent with the formation of trions in the QW [22] [23] [24] [25] . We have also observed that QW emission band presents a shift to lower energies due to the Stark effect. In addition, the carrier density variation on the QW does not affect the QW spin splitting within this range, as it remains almost constant.
The voltage dependence of the PL intensity and circular polarization for the QW and 2D gas related emission is shown in figure 3 , where we observe oscillations near the resonant peak voltages. The QW PL intensity can be qualitatively explained by considering a simple model where the PL intensity is proportional to the product of the densities of electrons and holes inside the QW [5] . Fig. 3(a) presents the voltage dependence of the total integrated QW PL intensity. As discussed before, the total integrated QW PL intensity presents a clear correlation with the I-V curve for both a+ and a-emissions. Particularly, the peak of PL intensity is observed around 0.2 V, which is associated to a photo generated holes resonant tunneling. The hole resonance is only observed in the I-V characteristic curve under higher laser intensities (not shown here). After the electron resonance, we have observed several resonant peaks attributed to the inelastic scattering-assisted resonant tunneling effect. ( a ) (b )
Clll rrent ( 1) where [II and lai are the integrated intensities of the right and left circularly polarized emissions. We have observed that the QW polarization degree decreases with applied bias. In addition, we have observed oscillations of the polarization degree which are correlated to the resonant peaks observed at higher voltages. We also observed that the polarization degree is lower than that of a similar non-doped QW device (not shown here) [22] . The QW polarization degree does not present any clear correlation between the QW OCP and the spin-splitting energy (not shown here). Therefore, the voltage dependence of polarization degree cannot be explained by a simple thermal occupation effect of the QW states.
We have also estimated the polarization degree for the 20EG-h emission for higher biases. As we increase the applied voltage, strong variations of the carrier densities at the accumulation layers are obtained, which result in changes of the filling factors in the structure. Fig. 3(b) shows the polarization degree of 20EG-h emission. The obtained results include some uncertainty related to the deconvolution of this peak and the broad band emISSIOn from the n-doped GaAs layer. We found that the 2DEG-h emission presents a higher negative circularly polarization degree (up to � -85%). The 2DEG-h polarization degree is higher than the QW polarization degree which indicates some spin polarization loss on the tunneling processes probably due to the efficient scattering processes in this voltage region. However, a quantitative analysis of the QW polarization must also consider additional effects, including the thermal occupation of the QW levels, the trion formation, and the loss/gain of spin polarization during the tunneling processes.
IV. CONCLUSIONS
In conclusion, we have found evidence of the formation of a spin-polarized 20EG and trions in the RTO. The PL intensity and circularly polarization degree of the QW emission oscillate with the applied bias voltage. Our results show that the introduction of Si 8-doping decreases the circular polarization degree of carriers in the QW when compared with a QW Si free sample [22] . Finally, we have shown that RTDs are interesting systems to study the physical properties of spin-polarized 2D gases. RTDs allow not only an effective control of the 2D gas densities through the applied bias, but open the possibility of additional analysis concerning the carriers accumulated in two distinct regions (accumulation layers and QW) that are connected by tunneling processes.
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